A typical tight oil reservoir such as the Bakken has matrix pore sizes ranging from 10 nm to 50 nm. At such small scales the confined hydrocarbon phase behavior deviates from bulk measurements due to the effect of capillary pressure. In addition, compaction of pore space can bring about order of magnitude changes for tight oil formation properties during pressure depletion further exacerbating these deviations. Without considering these facts a conventional reservoir simulator will likely not be able to explain the inconsistent produced GOR observed in the field compared to simulated results. The effect of these inaccuracies on ultimate recovery estimation can be devastating to the underlying economics.
Introduction
The recent advances in massive hydraulic fracturing techniques have enabled the oil industry to economically extract hydrocarbon from ultra-tight, unconventional resources, such as shale gas, liquid rich shale and tight oil. The success in North America has stimulated the development of unconventional plays worldwide. For example, a marine shale play in southern China has showed large potential and attracted great attention (Wei et al. 2012; . However, despite the great success and potential, the understanding of fluid flow mechanism in shale and properties in confined pore space is still poor. The flow mechanism in the shale matrix is complicated by organic and inorganic portions of the matrix with distinct wettabilities. Yan et al. (2013 a, b, c, d) proposed a micro-model to model single-phase gas and two-phase gas-water flow in shale matrix blocks by considering different flow mechanisms in organic and inorganic nanopores. Yan's work also upscaled the single-phase gas flow to well-scale modeling via the apparent permeability approach. On the other hand, the fluid properties in the confined nanopore space deviate from the corresponding bulk measurements in which zero vapor-liquid interface curvature is assumed. This assumption is generally held when the vapor-liquid equilibrium takes place in PVT cells. But, when the fluid is confined in pore spaces of nano-size, the significant interfacial curvature may cause a large capillary pressure difference between liquid and vapor phases. The effect of capillary pressure on vapor-liquid equilibrium is not new to the oil industry. A number of researchers have conducted both experimental and theoretical investigations with general conclusions that capillarity effect on vapor-liquid equilibrium is negligible for conventional reservoirs (Leverett 1941; Sigmund et al. 1973 Sigmund et al. , 1982 Shapiro and Stenby 1997; Shaprio et al. 2000) . Perhaps due to this reason, essentially all the current commercial simulators assume no pressure difference between vapor and liquid phases during flash calculations.
However, ignoring capillarity in vapor-liquid equilibrium might not be a valid assumption for unconventional reservoirs. A typical tight oil reservoir such as the Bakken has matrix pore size ranging from 10 nm to 50 nm. At such small scales, the confined hydrocarbon phase behavior is believed to deviate from bulk measurements due to the extra capillarity effect. Rock wettability is another factor to consider when dealing with capillary pressures. Wang et al. (2012) performed a wettability survey of the Bakken formation and reported that the Bakken formation is oil-wet. A series of studies of confined fluid properties for a Bakken field shows that for this type of reservoirs, the bubble point pressure can be suppressed significantly by considering the capillary effect (Nojabaei et al. 2012; Honarpour et al. 2012; Pang et al. 2012; Du and Chu 2012; ). In addition, compaction of pore space can bring about order of magnitude changes for tight oil formation properties during pressure depletion further exacerbating these estimates. In their approaches, confined PVT tables are constructed from a separate modified flash calculation program and applied as inputs using a commercial reservoir simulator.
It is evident that the effect of capillarity on hydrocarbon fluid vapor-liquid equilibrium is related to not only the fluid itself, but also the properties of formation rocks that contain the fluid. Unfortunately, a standard and reliable measurement of confined fluid properties in ultra-tight rocks is still challenging and not available. In this sense the findings and conclusions on this topic are still only supported by theoretical derivations or hypotheses . As quoted "The only concept assured is that the confined PVT properties are substantially different from the corresponding bulk properties and such variations have significant impact on well performance and ultimate recovery in unconventional reservoirs" .
Reservoir models containing hydraulically fractured wells are needed to model production behavior and perform recovery predictions. Such models are complicated by massive hydraulic fractures. It is natural to realize that this kind of system contains fluid properties with confined and unconfined effects which need to be explicitly modeled. Besides, there is a contradictive effect for the rock compaction. Rock compaction makes the confinement greater, which will increase driving energy and mobility by decreasing viscosity. But it also reduces the permeability that will reduce the mobility. These factors must be considered when conducting reservoir studies for tight reservoirs.
This paper incorporates the extended flash calculations into a fully compositional commercial simulator. The pore space can be dynamically updated during pressure depletion via rock compaction tables. In this way, a more rigorous treatment is included to model the combined effects.
Approach
In this section, we provide the model of vapor-liquid equilibrium with capillarity effect, extended vapor-liquid flash calculation with implementations and evaluation of capillary pressure for tight oil reservoirs.
Capillarity Effect on Vapor-Liquid Equilibrium (VLE)
The fundamental of capillarity effect on vapor-liquid equilibrium (VLE) is the separation of two multicomponent phases by a curvature interface. Such effects can be readily revealed by Eqs. 1 and Eqs. 2 (the equality of the chemical potentials in the liquid and vapor phases). Capillary VLE is present in the porous rocks of hydrocarbon reservoirs (often associates with adsorption), though it is generally ignored since this effect is negligible for conventional reservoirs.
Eq. 1 and 2 provide the full constitutive system for capillarity VLE. Fundamentally, the magnitude of capillary pressure is determined by the geometry of the capillary system and the wettability of media surfaces. It should be noted that this constitutive system is established based on continuous bulk vapor and liquid phases, which are separated by a curvature interface. However, the vapor and liquid phases are not necessarily continuous in porous rocks, especially for ultra-tight reservoirs, such as Bakken. Nevertheless, it can be shown that the pressures and compositions in different isolated vapor or liquid regions are equal when the system is at equilibrium (Bedrikovetsky 1993 ).
Extended VLE Flash Calculation
The VLE flash calculation implemented in compositional simulators generally involves a stability test and a two-phase split calculation. The stability test is first performed to test if a single phase is stable. Only under the circumstance that the single phase is tested to be unstable, the two-phase split calculation then will be performed. Michelsen (1982 a, b) provides the algorithm details and implementation practices for the isothermal stability test and the two-phase split calculation. However, the algorithm and implementation is developed and designed assuming the vapor and liquid phase pressures are equal, i.e. no capillary pressure. Essentially, the flash calculation in all current commercial simulators applies this assumption. In the following, the classic stability test and two-phase split algorithm is extended to consider the capillary pressure effect.
Stability test using Gibbs free energy approach
This section shows how the standard stability test based on tangent plane distance analysis can be extended to consider the capillarity effect. For the original system to be stable, Eq. 3 should hold.   y f i is the fugacity of the incipient phase and
is the fugacity of the original system. If the original system is liquid, then the incipient phase is vapor and vice versa. The detailed derivations to obtain Eq. 3 can be found in Michelsen (1982 b) .
where i  is the fugacity coefficient.
After substituting Eq. 4 and 5 into Eq. 3, we then have Eq. 6.
Eq. 6 shows that the capillary term (
is naturally incorporated into the equilibrium test. This term is normally ignored for conventional compositional simulation because of the fact that the capillary pressure between vapor and liquid phases is small. But, when the pore spaces are confined into nanoscales, the capillary pressure should not be ignored.
In implementation, it is more convenient to let
Note that Eq. 7 is independent of and can be pre-computed. Let
, where
Eq. 8 is the final form used to test stability. The fugacity coefficient is calculated using the cubic Peng-Robinson equation of state. Successive substitution and/or the Newton-Raphson method can be used to solve this nonlinear equation.
VLE two-phase split calculation
The VLE two-phase split calculation is based on equality of chemical potentials or fugacities and mass balance (Eqs. 9 -12 and Eqs. 1 -2). F is number of moles of original system or feed. L and V are the number of moles of liquid and vapor phases, respectively. i x and i y are the mole fraction of liquid and vapor phases. is the mole fraction of the feed phase. To solve this set of equations, we need another mass balance constraint, Eq. 12, where K i is the equilibrium ratio or K-value , defined as in Eq. 13. Eq. 12 is called Rachford-Rice equation.
It can be seen from Eq. 13 that the capillarity comes in place in terms of the modified K-value. Note that conventionally the K-value is evaluated as
by assuming the liquid and vapor pressures are equal. This set of equations can be solved using successive substitution and/or the Newton-Raphson method.
Evaluation of Capillary Pressure for Tight Porous Media
The previous two sections provide the extended VLE flash calculation considering the capillarity effect. To complete the solution process of stability test and VLE split calculation, we need to evaluate the capillary pressure. Capillary pressure can be evaluated by the well-known Young-Laplace equation (Eq. 14) for a sufficiently narrow tube. Nojabaei et al. (2012) , Du and Chu (2012) , Chu et al. (2012) , Honarpour et al. (2012) and Pang et al. (2012) applied this approach to calculate the capillary pressures.
Noted, Nojabaei et al. (2012) points out that, for tight oil rock, the capillary pressure computed using the Young-Laplace equation is much less than the actual measurement because of the very low interfacial tension value calculated by MacleodSugden correlation (Pederson 2007) . This finding reveals the importance of having reliable capillary pressure and/or interfacial tension measurements for shale/tight rocks. Since the system dealt with is saturated porous rock, it is more reasonabe to apply the Leverett J-function approach (Eq. 15), which is based on measured reference capillary pressures.
During the iteration process of stability test and VLE split calculations, capillary pressure values are looked up using the saturation results of the previous iteration. Although Eq. 15 is derived strictly only for the ideal case, it is commonly applied to other types of rocks. In this paper, it is assumed that this standard approach also applies to ultra-tight reservoir rocks. The dependence or scaling factor   S J is supposed to be known for a particular type of rock, which comes from lab measurement. Unfortunately there are no welldocumented capillary pressure measurements for the Bakken reservoir yet.
The porosity of the Bakken reservoir is fixed as 0.06. Based on Kozeny-Carman equation (Kozeny 1927; Carman 1937 ) and correlations from Nelson (1994) , the corresponding permeabilities and pore radius is provided in Table 1 . Based on the capillary pressure data of a similar rock from Crain's petrophysical handbook, the corresponding capillary pressures are listed in Table 1 also. Note that, the capillary pressures are obtained from various correlations without any calibration for Bakken rock. However, these values should be close to real values, at least based on hypothesis.
Dynamic Compaction of Nanopores
It is natural to expect that, as the pore space being compacted during pressure depletion, the impact of pore size on the fluid properties becomes more significant. By considering pore size reduction due to reservoir depletion, the reservoir is likely to experience even more reduction in bubble point pressure throughout the life of the reservoir. Such further reduction in bubble point pressure will keep the fluid in single-phase oil phase with reduced viscosity and density and compressibility, which will favor the driving energy and flow capacity. On the other hand, the compaction will reduce the permeability of the rock, which of course will decrease the mobility. Thus, compaction has two contradictory effects. The combined effect will be determined by rigorous compositional simulation with compaction. Dynamic rock compaction generally can be incorporated into a reservoir simulator via rock compaction tables. A table look-up approach is performed to obtain permeability reduction ratios when the pressure is updated. For the Bakken reservoir in this study, the rock compaction table used is listed in Table  2 .
Results

Confined Phase Behavior
This section provides the results of confined phase behavior of Bakken oil. The compositional data of Bakken oil are listed in Table 3 and 4 (Nojabaei et al. 2012) . At the reservoir temperature around 240 °F, Bakken oil resides in the black oil region. Hence, the flash calculation is simplified to the case that the original or feed system is single-phase oil and the saturation pressure is the bubble point pressure. Fig. 1 shows the bubble point pressure lines of Bakken oil with capillarity effect at different pore space sizes, ranging from 10 nm to 50 nm. The bubble point pressures are evaluated using rigorous stability tests. Capillary pressures are calculated using the Young-Laplace equation, Eq. 14. As mentioned in the previous section, this approach could underestimate the capillary pressure to a large extent. Using this approach, for a 10 nm pore size, the suppression of bubble point pressure is about 140 psi, which is much lower than suspected initially. For porous rock, the Leverett J-function approach should be more appropriate to evaluate capillary pressures than Young-Laplace equation. Besides, this approach provides a way to calibrate against measurements of particular rock. In the following, the Leverett Jfunction approach is applied for all cases. Table 5 provides the bubble point pressures calculated using the Young-Laplace equation and the Leverett J-function. We can see there are significant differences between the two approaches. It also suggests the importance of having good quality capillary pressure data for the Bakken reservoir.
The physical implication of bubble point pressure suppression is that more light components remain in the oil phase compared to a system having unsuppressed bubble point pressure at the same temperature and pressure. Apparently, this in turn reduces the viscosity and density. Table 6 provides the confined viscosities and densities at 240 °F and 1500 psia. The Lorenz-Bray-Clark correlation is used for the viscosity calculation. Clearly, viscosity and density are reduced as the pore space is confined from 50 nm to 10 nm. The implication is that confinement increases the driving energy and flow capacity of the tight oil reservoir, which favors the extraction of more liquid. Otherwise, the light component will easily escape from the oil phase leave the more valuable but heavier components (C4-C12) underground. To evaluate the effect of confined fluid properties on production behavior and reservoir recovery, reservoir simulation is conducted using a fully compositional commercial simulator with extended VLE flash calculation routines.
Reservoir simulation
A fully compositional commercial simulator (Dean and Lo 1988; Tang and Zick 1993; Fleming 2012 ) is extended to accommodate the extended VLE flash calculation. The aim is to rigorously model the effect of capillarity influenced VLE on production behavior and recovery prediction, while also including the effect of dynamic reservoir compaction. This investigation may be helpful in improving the understanding of abnormal production behavior observed in the Bakken field, such as long-lasting, relatively constant producing GOR even when the pressure near well has dropped below bubble point pressure (measured in lab). The reality is further complicated by multistage hydraulic fractured wells. Fluid is only confined in the tight matrix while being unconfined in fractures. The whole system will have different compositional models for matrix and fractures. Fortunately, the extended VLE flash approach can model the whole system in a uniform fashion. The capillary pressure for the grid representing fractures will be very small since the porosities and permeabilities for these grids are much higher than matrix grids. Thus, the fluid properties in fractures can be maintained unconfined, while fluid in matrix will be confined.
1D core size model
We first provide an example using a 1D core size model, with 1 grid in the X and Z direction and 50 grids in the Y direction. The model has dimension of 0.5 ft in the X and Z direction and 3.28 ft in the Y direction. The model contains no fractures with homogenous initial permeability (0.002 md) and porosity (0.06). The reservoir temperature is 240 °F and initial pressure is 6840 psi. A sink is assigned to the first grid. Bottom-hole pressure is constrained at1500 psi. Initially, production is controlled by oil flow rate. Three scenarios are modeled: 1) no capillary pressure effect on VLE; 2) with capillary effect on VLE but without reservoir compaction; 3) with capillary effect on VLE and reservoir compaction. The production responses are plotted in Fig. 2 and Fig. 3. Fig. 2 provides the cumulative oil production along with pressure decline and Fig. 3 provides the producing GOR along with pressure decline. Clearly, cumulative oil productions of cases considering the capillarity effected VLE are higher than the case without considering the capillarity effect. It also reveals that although reservoir compaction makes the oil phase thinner and bubble point pressure lower, its cumulative oil production is less than the case considering only the capillarity effect. This should be attributed to the fact that the reduction of mobility due to reduction of permeability offsets the increase of mobility due to reduction of viscosity. It also suggests that reservoir compaction should be considered in every reservoir simulation study for tight oil. The producing GOR of cases considering capillarity effects is much lower than the case without capillarity effect. In addition, the dynamic reservoir compaction further lowers the producing GOR.
Horizontal well model with multiple hydraulic fractures
The second case is a horizontal well model with multi-stage hydraulic fractures (Fig. 4) . The 35X67X10 model has extent of 1000 ft in both X and Y direction and 20 ft in Z direction. Four hydraulic fractures are equally spaced in the Y direction. The production is initially constrained by oil flow rate and later by bottom hole pressure of 1900 psi. As discussed in previous sections, this model contains fluid with both confined and unconfined properties. The two fluid systems are modeled in a unified fashion using distinct capillary pressures. The well production is mainly fed by the hydraulic fractures, which are in turn fed by the tight matrix. Note that the production and GOR are calculated at in-situ reservoir conditions when fluid enters the well. Although fluid that is directly connected to the well is unconfined, the volume of such fluid is very small comparing with its feed source, which is the confined fluid contained in tight matrix. Similarly, three scenarios are compared. We can see the case with capillarity effect and no compaction has the highest cumulative oil production. The case with capillarity and compaction effect is in the middle. The pressure decline rate of the compaction case is smaller than the other two cases. Note that for the 1D core size model, the pressure decline rate of compaction is the highest. This might be because that for a hydraulic fractured well, the production is controlled by the fractures. The compaction reduced the conductivity of fracture, which makes the pressure decline smaller than the cases without considering compaction. It is interesting that there is a stepwise increase and decrease of the producing GOR of the case with compaction. This might be because that, as the reservoir being compacted, the bubble point pressure is reducing.
Conclusions
The capillary pressure effect on the vapor-liquid equilibrium of reservoir fluids becomes significant when the pore size reduces to the nano scale. For oil-wet reservoirs, the confinement effect suppresses the bubble point pressure, which in turn favors the single-phase oil production by increasing the driving energy and decreasing the viscosity of the fluids. In order to model such confined fluid properties in reservoir simulation, the VLE flash calculation algorithms need to be extended to consider capillary pressure difference between vapor and liquid phase. Leverett J-function should be the approach used to evaluate capillary pressures for tight oil. However, good quality capillary pressure measurements are needed to calibrate the scaling factor for a particular tight oil reservoir, such as Bakken. For tight oil reservoirs, which do not have pressure maintenance strategies, oil production is believed to be quite sensitive to reservoir compaction during pressure depletion. Thus, rock compaction should be considered in any reservoir study of tight oil. Rock compaction further reduces the pore size. As a result, the confinement effect becomes larger. However, compaction also reduces the permeability. Thus, simulation studies should consider the combined effect of capillarity and compaction on production. 8.00E+06
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